Abstract In this article, we illustrate novel, columnar precipitate architectures in Co-base and Ni-base superalloys, and Cu components, directionally fabricated by electron beam melting; using light microscopy (LM). These microstructural architectures and related microstructural features are characteristic of a new directional solidification phenomenon created by selective melting of precursor powder layers, forming 3-dimensional (3D) products which result by additive manufacturing. Comprehensive, micron-scale observations rendered in 3D metallography are supplemented by transmission electron microscopy and scanning electron microscopy to provide a structural and microstructural overview. These observations illustrate the continuing importance of LM in contemporary materials characterization applied to advanced metals technologies.
Introduction
In the general transition from the liquid (melt) to the solid state (or phase), the solid phase must have a lower free energy than the liquid at temperatures below the melting point, while the liquid phase free energy must be lower above the melting point. By definition, the melting point is the temperature at which the free energies for the solid and the liquid phases are equal, and these phases can co-exist in equilibrium. During solidification, the liquid immediately in front of the interface is actually at a temperature below the equilibrium liquids temperature and is therefore supercooled. This is termed constitutional supercooling since it arises from a composition change rather than a temperature change. Solidification perpendicular to a plane solid-liquid interface (or solidification front) is considered directional and is ideally characteristic of single-crystal growth for a single-phase (composition) system. This can be achieved by pulling solid, oriented seed crystals from the melt or by cooling molten material by moving it through a temperature gradient in a furnace. Classical crystal growth techniques achieving these phenomena have included the Czochralski method, originated around 1917 [1] , and the Bridgeman method, originated around 1925 [2] . Over the nearly one hundred years since these directional growth methods were developed, there have been extraordinary advances in directional growth and solidification as well as the development of a fundamental understanding of this phenomenon [3] [4] [5] [6] [7] [8] [9] [10] .
Aside from the directional solidification associated with a planar solid-liquid interface, it is almost intuitive that any perturbation or protuberance at this interface would result in some growth variance. This could be induced by a defect (impurity inclusion), variation in composition, or variations in the thermal gradient. Dendritic solidification in its various forms is perhaps the most notable of these solidification phenomena, and is often a consequence of rapid solidification, especially involving small volume regimes such as liquid spheres rapidly solidifying in atomization processes to produce spherical metal powders [11, 12] .
In addition to crystal growth or directional, multi-crystal (or cellular grain) solidification, and dendritic (or unidirectional) solidification, directional solidification also involves simple binary eutectics. As shown schematically in Fig. 1 , solid phases a and b, as represented in the binary eutectic phase diagram, simultaneously solidify from the liquid, L. Solidification in the direction of the arrow creates an aligned, two-phase solid. This two-phase, unidirectional, eutectic composite can be lamellar or rod (fiber) form depending on the growth conditions and total free energy minimization, which generally drives the lamellar-to-rod transition implicit in the schematic sequence shown in Fig. 1 . The major solidification parameters involve the thermal gradient at the liquid/solid interface and the growth or solidification rate, R, or the velocity at which the liquid/ solid interface advances. Jackson and Hunt [13] have shown that the type of a/b phase morphology (Fig. 1) either lamellar or rod-will depend upon the relative volume fraction of each phase. It is known that the rod morphology prevails when one phase is present in amounts less than 1/p of the total volume. The volume fraction of each phase is determined from the phase diagram (Fig. 1) . Recognizing that the phase morphology is controlled by the relative volume fraction as noted, Tiller [14] showed that the spacing of the interpenetrating phases, k, in Fig. 1 , was controlled by the liquid/solid interface velocity or solidification rate, R: k 2 R = constant. Consequently, the lamellar or rod spacing, k, in Fig. 1 decreases with increasing solidification rate.
Eutectic alloys with fibrous (rod-like) or lamellar structures, as illustrated schematically in Fig. 1 , provide unique strengthening or aligned, reinforced composite design concepts. The first such system to behave mechanically as a composite, with significant reinforcement of the matrix, was the Al-Al 3 Ni system where the aligned Al 3 Ni fibers comprised 11 vol.% [15] . In this system, the aligned strength was roughly four times that for the conventionally cast eutectic material. These concepts led to directional solidification innovations applied to turbine blade development involving eutectic superalloys, notably Ni-base superalloy compositions [16, 17] . These have included precipitation-reinforced eutectic superalloys [18] .
The schematic views of directional solidified phase structures in Fig. 1 have of course been observed by light microscopy (LM) as illustrated typically in Fig. 2 , which provides recognizable contrast without etching, following the pioneering application of LM by Sorby [19] more than a century ago. The most prominent two-phase image features observed by Sorby [19] with only surface polishing were those for iron-rich meteorites. Figure 2 not only illustrates the realities of directional eutectic solidification as described above and shown schematically in Fig. 1 but also provides a reference point for more conventional directional solidification in contrast to the directional solidification associated with laser and electron beam melting (EBM) and powder layer solidification. These newer fabrication technologies, employing metal or alloy powders, create 3D monolithic components by additive (layer) manufacturing (AM). In these [20] processes, a laser or electron beam is scanned over each successive layer to selectively melt specific regions directed by a CAD model.
In this presentation, we describe novel microstructural features which are unique to EBM of a range of precursor metal or alloy powders. LM, augmented by scanning and transmission electron microscopy (SEM and TEM), provide comprehensive materials characterization for these new directional solidification prototypes. Figure 3 shows a schematic view of an EBM system (Arcam A2) which is ideally an adaptation of an electron optical system [22] similar in concept to a scanning electron microscope (SEM) and an EBM unit. The electron optical column (1-3 in Fig. 3 ) generates an electron beam at 60 kV accelerating potential at beam currents ranging from a few milliamperes to [30 mA. Scan coils similar to those in a conventional SEM scan the focused beam across a freshly raked (5) powder layer, with metal or alloy powder gravity fed from cassettes at (4) in Fig. 3 . The beam is initially rastered at very high speeds (*10 4 mm/s) in multiple passes to preheat the layer; followed by a melt scan at *10 2 mm/s and at reduced beam current. The beam scanning (and melt) is directed by a CAD model developed to allow complex, 3D components to be fabricated layerby-layer (AM). As the beam is rastered in the melt scan in directions perpendicular to one another (x,y), the selected area of powdered material melts in small, interconnected liquid pools, which rapidly cool and solidify with a plane or cellular solid/liquid interface; characteristic of the directional solidification is shown schematically in Fig. 1 . Ideally, each layer is melted and the building solid component (6) moves downward as shown at (7) in Fig. 3 .
An Overview of EBM
The metal or alloy powders placed in the cassettes in the EBM system shown in Fig. 3 are normally atomized, rapidly solidified, pre-alloyed powders. These have distribution of spherical particle sizes as illustrated in Fig. 4 which compares a Co-base and a Ni-base superalloy powder. Fabrication of Co-Base Superalloy Components by EBM Figure 5 shows a LM isometric projection representing a section of an EBM fabricated cylinder shown schematically in Fig. 3 (at 6 ). There is a striking similarity to the LM image for the unidirectionally solidified MnSb eutectic casting in Fig. 2 . However, unlike Fig. 2 , the LM image in Fig. 5 was polished and etched (using a 6:1 solution of HCl:H 2 O 2 (3%) for 16 h at room temperature). Figure 5 illustrates some large, directional (textured) fcc grains indicated by G, as well as some irregular, elongated (directional) grains and columns of precipitates. The more regular precipitate columns occupying the front face (of the composition) in Fig. 5 represent discontinuous columns of Cr 23 C 6 carbides which have been rigorously identified by Gaytan et al. [23] , utilizing SEM, TEM (including selectedarea electron diffraction), and x-ray diffraction (XRD) spectrometry.
While in Fig. 5 there is some indication of carbide precipitate segregation to the columnar (directional) grain boundaries, large segments of the microstructure are characterized by discontinuous precipitate columns whose regularity extends several hundred microns, and whose spacing, especially notable in the transverse (horizontal plane) image in Fig. 5 , is *2 lm. This represents the approximate dimension of spatial x-y melt scans or melt pool development in the powder layer represented schematically in Fig. 6 . The x-y scanning within the same spatial array in the powder layer also characterizes multiple pre-heat scans (p(x) and p(y) in Fig. 6 ). These pre-heat and melt scans (m(x) and m(y) in Fig. 6 ) produce the thermal gradient and solidification velocity, which in turn are determined by the scanning beam parameters (primarily beam focus, beam current, and scan speed). These have also been referred to as a scan strategy in the laser-beam fabrication of Ti-6Al-4V components by selective laser melting (SLM) [24] .
Because the melt ideally occurs in spatial pools (*2 lm) in each layer (Fig. 6 ), small variations in beam parameters, including scan precision, beam voltage and current, the efficiency of precipitate-column development is often interrupted as illustrated in [23] these columnar grain boundaries as described for Fig. 5 , along with examples of carbide precipitate distribution (or density) represented in the columnar features. These features ideally represent a precipitate (microstructural) columnar architecture. Figure 9 (a) and (b) shows a low and higher magnification views, respectively, of the cubic (fcc: a = 10.7 Å ) Cr 23 C 6 precipitate particles composing the columnar architectures shown in LM views of Figs. 5 to 8; especially a region characterized by the circled zone in Fig. 8 . It can be noted in Fig. 9 that the precipitates are oriented in the same crystallographic, coincident directions, representing {100} coincidence of the fcc carbide precipitates with the fcc Co-Cr matrix (a = 3.6 Å ): {100} Cr 23 C 6 ||{100} Co-Cr.
The power of LM, in the context of materials characterization in a broad sense, and from a contemporary perspective, is implicit on comparing Fig. 2 with Figs. 5, 7, and 8. In this respect, the limitations of light microscopy in materials characterization are also implicit, although there are interesting consequences on comparing image features apparent without etching in Fig. 2 , in contrast to more conventional metallographic etching shown in Figs. 5, 7, and 8. Etchants are either selectively reactive in different grain orientations, at grain boundaries (especially having different interfacial free energies [25] ) or at different phases, especially precipitates. Consequently, etchants produce contrast by specular reflection variations or selective absorption at etched features. While etching allows for contrast and shape recognition, there is no mechanism for elemental analysis (composition) and rarely crystallographic characterization. Correspondingly, as illustrated by comparing Figs. 5, 7, and 8 with Fig. 9 , LM imaging details are complemented by TEM. However, metallography involving etchant-induced contrast can differentiate relative crystallographic orientation differences as well as boundary energetics.
For example, when the EBM-fabricated components represented by Figs. 5 and 7 to 9 were Hot Isostatically Press (HIP)-annealed (at 1200°C for 4 h and homogenized at 1220°C for 4 h), the Cr 23 C 6 precipitates and precipitate columns dissolved as the columnar grain structure recrystallized and grains become equiaxed. In addition, these generally equiaxed grains contained annealing twins because the fcc Co-Cr matrix exhibited a twin-boundary free energy of only about 30 mJ/m 2 [25] ; in contrast to grain boundary free energies averaging 600 mJ/m 2 [25] . These features are illustrated in the LM image in Fig. 10 (a) which exhibits limited grain contrast, but notable grain boundary etching. This etching at the grain boundaries can be enhanced by altering the etchant conditions as illustrated in Fig. 10(b) which shows only segments of grain boundaries in some cases, but no twin boundary etching. This occurs because Cr 23 C 6 precipitates do not form in the coherent twin boundaries within the annealing treatment, and grain boundaries with energies below some threshold for carbide nucleation also have limited precipitation [26] . What is not apparent in Fig. 10 is the fact that the HIP-annealed Co-Cr alloy microstructure contains moderate to dense intrinsic stacking faults because, like the coherent twin boundaries, the interfacial free energy is low (*15 mJ/m 2 for the stacking faults [26] ). This feature requires TEM image augmentation corresponding to the characterization of the EBM-fabricated carbide column architectures shown in Figs. 5 and 7 to 9. While the comparison of Figs. 10(a) and 8 provides dramatic evidence for microstructural variations, the same is true on comparing Figs. 9 and 11; but on different diagnostic levels and at different resolutions. Figure 12 shows magnified Ni-base (alloy 625) superalloy powders as in Fig. 4(b) , which, especially in the magnified image of Fig. 12(b) show a dendritic structure characteristic of these rapidly solidified alloys [27] . These features are also illustrated in the LM polished and etched powder sections shown in Fig. 13 at a magnification corresponding to that in Fig. 12(b) .
Fabrication of Ni-Base Superalloy Components by EBM
In contrast to the dendritic structure shown for the Ni-21Cr-9Mo-4Nb powder in Fig. 13, Fig. 14 shows an LM, isometric view representing a section of an EBM fabricated cylinder of this powder. The columnar architecture characteristic of this section is remarkably similar to that for EBM fabricated Co-29Cr-6Mo-0.22C cylindrical section shown in Fig. 5 , where the columnar microstructure is characterized by discontinuous Cr 23 C 6 cubic precipitates having a crystallographic coincidence with the fcc Co-Cr matrix ((100) Cr 23 C 6 ||(100) Co-Cr). Even the spacing of the columnar architecture in Fig. 14 is essentially the same as that in Fig. 5 . Careful examination and comparison of Figs. 5 and 14 illustrate that the cubic Cr 23 C 6 precipitates composing the Co-base EBM samples are replaced by Ni 3 Nb (bct: a = 3.6 Å , c = 7.4 Å ) precipitate platelets coincident with the Ni-Cr fcc {111} planes. These features become somewhat more clarified in the vertical plane (parallel to the EBM build direction) LM Fig. 15 and the corresponding SEM backscattered electron image shown in Fig. 16 . These two images (Figs. 15, 16 ) correspond to large, elongated, textured (or directional) grains having a (220) orientation, and giving rise to {111} coincident Ni 3 Nb precipitate platelets having the same crystallographic features. These are shown as crystallographic trace directions a and b in Fig. 16 , corresponding to a ¼ 1 " 12 and b ¼ " 1 " 12 in a (220) surface plane. The (110) plane coincidence for the vertical plane section in Figs. 15 and 16 has been demonstrated by x-ray diffraction as well as systematic TEM involving both bright-and dark-field imaging, and selected-area electron diffraction [28] . Figure 17 It can be observed in Figs. 14 and 15 that the actual columnar (directional) grains extend over the same length (C200 lm), and that the grain width (and equiaxed grain size in the horizontal plane in Fig. 14 , which bisects these columnar grains) can vary from a few microns to [10 lm.
As in the case for the EBM-fabricated Co-base superalloy represented in Fig. 5 , the Ni 3 Nb precipitate columns in the EBM-fabricated Ni-base superalloy in Fig. 14 also dissolved upon high-temperature annealing or HIPannealing at 1120°C. Simultaneous with the Ni 3 Nb precipitate dissolution, the grain columns also recrystallized, forming an equiaxed grain structure containing coherent {111} annealing twins very similar to the Co-base superalloy illustrated in Fig. 10(a) . This microstructural feature is shown in the isometric view of Fig. 18 which can be viewed in contrast to the as-fabricated EBM columnar architecture shown in Fig. 14 . In addition, like the annealing grain structure for the Co-base alloy in Fig. 10 , the Ni-base grain structure shown in Fig. 18 shows preferential etching at grain boundary portions but no evidence for etching at the linear, coherent twin boundaries. As noted previously, this is due to the fact that the higher energy grain boundaries or grain boundary portions promote precipitate nucleation and growth, while the correspondingly low energy coherent twin boundaries do not [26] . The lower magnification of the isometric view in Fig. 18 does not permit precipitates to be readily identified, while the higher magnification LM vertical reference plane section in Fig. 19 shows these selective grain boundaries containing large precipitate phases in addition to a homogeneous distribution of regular, spheroidal, or globular 123) oriented grain in the structure of Fig. 10(a) . Three different sets of stacking faults on {111} planes are represented by trace directions A, B, and C corresponding to trace directions ½ " 12 " 1, 14 " 3 ½ , and 52 " 3 ½ , respectively Fig. 4(b) . The arrow shows a common reference point or reference powder particle precipitates in the matrix, even within the annealing twin grain interiors. These precipitates have been identified by XRD and selected-area electron diffraction in the TEM to be NbCr 2 laves phase (hexagonal: a = 4.9 Å , c = 8.1 Å ) [28] . Similar laves phase precipitates have also been observed in electron beam welded Alloy 718 by Radakrishna et al. [29] . Figure 20 shows a TEM image of globular NbCr 2 precipitates corresponding to the LM image areas in Fig. 19 .
It should be apparent on comparing Figs. 5 and 14 that the micro-melt directional solidification that creates the precipitate columns in the EBM-fabricated cylinders is the same as shown schematically in Fig. 6 , because the electron beam scanning strategy is the same. It should also be apparent that while other analytical or diagnostic tools are required to characterize the chemical nature of precipitates and their crystallographic features, LM, as shown in the isometric views in Figs. 5 and 14 , provide a very important, if not the most important perspective. Such has been the nature of LM in metallography since the pioneering period of Sorby [19] more than a century ago. 
Fabrication of Oxygenated Copper Components by EBM
In the atomization of copper by rapid solidification processing, similar to that for the superalloys shown in Fig. 4 , the affinity of copper for oxygen is often so great, that even under the most stringent inert environments, the copper particles will include some oxygen. This can allow for the formation of copper oxides (especially Cu 2 O) or retention of interstitial oxygen which will form Cu 2 O during EBM fabrication. Ramirez et al. [30] have shown that EBM fabrication of products utilizing Cu powder (containing \1 wt.% oxygen) will create directional Cu 2 O columns or precipitate architectures similar to those shown for Co-base alloy in Fig. 5 and Ni-base alloy in Fig. 14 . These features are illustrated for comparison in Fig. 21 which shows long precipitate (Cu 2 O) columns at the left of the facing vertical plane, and more cellular precipitate structures dominating the microstructural architecture. However, as in the case of the superalloy precipitate architectures in Figs. 5 and 14, Fig. 21 illustrates that the precipitate column spacing is also essentially the same (*2 lm) as a consequence of the same electron beam scan strategy or scan parameters in the EBM fabrication process. Figure 22 (a) illustrates the Cu 2 O cubic structure (a = 4.3 Å ) while Fig. 22(b) shows an XRD spectrum representing the EBM-fabricated microstructural architecture shown in Fig. 21 . The enlarged inset highlights the Cu 2 O (111) reflection peak, and the Cu 2 O peak fraction in Fig. 22(b) represents *2 vol.%.
It is well known that copper oxides (both CuO and Cu 2 O) are readily dissolved by acids, and acid etching of the microstructure in Fig. 21 produces systematic etch pits which emulate the cubic structure of Cu 2 O. This is illustrated in the SEM views in Figs. 23 and 24 representing the vertical and horizontal image planes in Fig. 21 , respectively. Many square or orthogonal pits are evident in both SEM views (Fig. 23 and inset in Fig. 24 ). It is readily In many respects, these features are etching artifacts which render the corresponding microstructural features in the image. Figure 25 shows a magnified, isometric image reconstruction showing cellular and columnar Cu 2 O precipitate architectures, while Fig. 26 shows a corresponding TEM bright-field image, in the plane parallel to the build direction for the Cu 2 O precipitate cell-like microstructures. Figure 26 shows the Cu 2 O precipitates to have average sizes between about 50 and 100 nm. In some regions these precipitates are engulfed in dense dislocation arrays, possibly generated as a consequence of thermal stresses during the precipitation and rapid cooling as the component is fabricated by EBM. These features are somewhat more discernable in the TEM image in the corresponding horizontal plane in Fig. 25 as shown in Fig. 27 , and in particular the magnified inset in Fig. 27 . The arrows in the inset in Fig. 27 illustrate selective etching of the Cu 2 O precipitate particles which, in the LM images are systematically linked to form large etch pits often exhibiting the cubic or cube-related geometry as shown in the SEM images of Fig. 23 and the inset in Fig. 24 . The inset in Fig. 27 also shows the details of the dislocation interactions with the Cu 2 O precipitates forming continuous networks of precipitates and connecting dislocations. TEM electroetching utilized a solution of 825 mL water, 375 mL ethanol, 300 mL phosphoric acid, 75 mL propanol, and 2.5 g urea; in contrast to a solution of 100 mL water, 8 mL sulfuric acid, 4 mL sodium chloride, and 2 g of potassium perchlorate for LM etching as described in more detail in Ramirez et al. [30] . Fig. 24 . This represents the refinement of electroetching in the polishing plateau for the preparation of TEM specimens in contrast to the LM etching to produce image contrast in the light microscope.
Discussion and Closure
We have noted in some of the discussion above, in the context of specific applications of light microscopy for the characterization of microstructural/precipitation architectures for EBM-fabricated components, the unique diagnostic attributes (especially visual) of LM/metallography. While instrumentation innovations have occurred over the years since the work of Sorby [19] , the quality of images in In fact, and in contrast to these present observations relating the ''new directional solidification'' using EBM, the original directional solidification studies (including unidirectional eutectic solidification as represented in Fig. 2 ) involved similar combinations of light and electron microscopies [20, 31] . Moreover, modern materials characterization has involved combinations of macro-, micro-, and nano-imaging, including elemental and crystallographic analysis at these scales [22, 32] . We have not included these specific analytical components in any rigorous diagnostic studies in this presentation. However, these analyses are apparent from the supporting literature [21, 23, 28, 30] .
It can be concluded from this study that LM will continue to provide a fundamental overview of understanding for evolving new technology, particularly advanced manufacturing technology, which has a metallurgical basis. Just as LM has served metallurgy in its broadest context since the time of Sorby [19] , it will continue to provide visual comparisons and understanding of materials and especially metallic microstructures and microstructural architectures well into the future. [30] 
